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1. If you are considering

WIMP dark matter

2. If you are considering low reheating temperature

Treh < Tfr

3. You can see the signatures from

Isocurvature of WIMP
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Weakly Interacting Massive Particles

1. WIMPs are weakly interacting.

In the early Universe, they were in the thermal equilibrium
with background relativistic plasma, by changing energy,
momentum and number.

2. WIMPs decouple

Due to the expansion of the Universe, the interaction rate
becomes insufficient for the scatterings and finally the
interaction freeze-out.
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WIMP : Weakly Interacting Massive Particle

[P. Hut, PLB 1977] [B. W. Lee and S. Weinberg, PRL 1977]

Freeze-out temperature < Mass

Y(x) =n/s

n = @gT?’

annihilation cross section

/ 2

nx +3Hnx = —(ov)(nk — (n¥)?)

m/Treh
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WIMP : Weakly Interacting Massive Particle

[P. Hut, PLB 1977] [B. W. Lee and S. Weinberg, PRL 1977]

Freeze-out temperature < Mass

annihilation cross section
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e The scattering cross section and chemical/kinetic decoupling

Inelastic scatterings : Number changing interactions ~ Tp, ~ —

20

mp | Chemical equilibrium| == |Relic density

Elastic scatterings : change momentum (number conserved)

=P Kinetic equilibrium| == |Structure formation

- The density perturbation can grow after kinetic decoupling

- Smaller scales are damped during kinetic decoupling

- Kinetic decoupling or free-streaming scale determines the minimum
scale for the structure formation
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Kinetic Decoupling Temperature of Neutralinos

Z, : gaugino fraction
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Typical size of the smallest proto-halos : 107" M, to a few times 10~* M,

104
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Primordial Perturbations

0
6(t,x) = —p(t,X) ~ Z5k(t)
P k
For multiple fluids, for dark matter and radiation for example:
Adiabatic perturbation : contribute to the curvature perturbation

0pm + 0p

_ 0P
(=—-H 5 T3+, (flat gauge)

[socurvature perturbation : does not contribute to the curvature
perturbation but contribute to change it.

: : 1

Pm  Pr
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WIMP is Adiabatic

WIMPs are by definition adiabatic, since they are created from
the background plasma (radiation) at all scales.

5m:25r and so S =0

This 1s consistent with observation.

The constraints on the DM 1socurvature modes from Planck (only
for large scales).

o = 5 <
iso — PC t Ps Biso Ny 0.05 |Planck, 2015]
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Perturbation of DM: Before Kinetic Decoupling

For sub-horizon mode, the perturbation of DM density 0,, :

Before kinetic decoupling: DMs are tightly coupled to the radiation.

Its perturbation oscillates in the same way as that of photons.

Or O

oscillates together
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Perturbation of DM:After Kinetic Decoupling

After WIMP kinetic decoupling, the perturbation of WIMP can grow.

[ A

grOwS

¥ y

The DM density perturbation grows logarithmically during Radiation-
Domination, and linearly to scale factor during Matter-Dominatoin.
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Collisional Damping

However during kinetic decoupling, the density perturbation of
WIMP is suppressed.

Boehm, Fayet, Shaefer, 2000] ;Hofm.ann, Schwarz, Stoecker, 2001]
Bochm, Riazuelo, Hansen, Schaefer, 2002] __Berezmsky, Dokuchaev, Eroshenko, 2003]
Boehm, Schaefer, 2004] 'Green, Hofmann, Schwarz, 2003, 2005]

When the radiation and DM are tightly coupled, they move
together and behaves as a single fluid. 9. =46,, 6=V .0

When the coupling becomes less effective, then the difference of
the velocities behaves as a friction, so that the density perturbation
of DM becomes suppressed.

5m | 3P ~ 0,

a

2

: k (0ev) pr
0, + Hb, — —® ~c, 0, — 0,
+ . C Mo ( )
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Isocurvature perturbation

Isocurvature perturbations between DM and radiation

S =3H 5,0m 5IOT — 5m - %57“ y

Pm  Pr

Isocurvature perturbation is not damped during kinetic decoupling.

Baryon isocurvature perturbation for structure formation.
[Peebles, ApJ 1987]

COSMIC BACKGROUND TEMPERATURE ANISOTROPY IN A MINIMAL
ISOCURVATURE MODEL FOR GALAXY FORMATION

P.J. E. PEEBLES

Joseph Henry Laboratories, Princeton University
Received 1987 January 2; accepted 1987 January 26

ABSTRACT

If the dominant components of the universe were radiation and baryons, and the primeval baryon distribution
had a roughly flat spectrum normalized to galaxy clustering on scales ~ 20 Mpc, and young stars were able to
keep the bulk of the matter ionized at redshifts z > 20, then several encouraging results would follow. The first
generation that starts to form when Compton drag becomes unimportant would have masses and radii
comparable to galaxies. Mass fluctuations on scales ~ 200 Mpc could be relatively large and so perhaps
favorable for development of large-scale structure. And the residual fluctuations in the background temperature
would have coherence length ~ to 3°-5° and standard deviation 87/T = 10>, close to but below the
observational bounds.
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WIMP lsocurvature Perturbation

Is it possible to have a large isocurvature perturbation at
small scales with adiabatic still at large scales”

- Not possible in the standard WIMP.

- However there Is a one case, when

Treh < Tfr
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WIMP lsocurvature Perturbation

week ending

PRL 115, 211302 (2015) PHYSICAL REVIEW LETTERS 20 NOVEMBER 2015

Isocurvature Perturbation of Weakly Interacting Massive Particles and Small
Scale Structure

Ki-Young Choi,"” Jinn-Ouk Gong,z’ﬁ and Chang Sub Shin™*
'Korea Astronomy and Space Science Institute, Daejeon 305-348, Korea

*Asia Pacific Center for Theoretical Physics, Pohang 790-784, Korea
3Department of Physics, Postech, Pohang 790-784, Korea
4Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA
(Received 20 July 2015; revised manuscript received 5 October 2015; published 17 November 2015)

The adiabatic perturbation of dark matter is damped during the kinetic decoupling due to the collision
with a relativistic component on subhorizon scales. However, the isocurvature part is free from damping
and could be large enough to make a substantial contribution to the formation of small scale structure. We
explicitly study the weakly interacting massive particles as dark matter with an early matter dominated
period before radiation domination and show that the isocurvature perturbation is generated during the
phase transition and leaves an imprint in the observable signatures for small scale structure.

Published in Physical Review Letters (2015)
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Low Reheating Temperature

The Universe is dominated by heavy particles (early matter domination)
and reheated (radiation domination) by the decay of them. It happens
for:

00 \ 1/4
* |Inflaton oscillation Tty ™ ( ) I'Mp

e Thermal inflation

e Curvaton domination
e Heavy axino and saxion

* Moduli decay
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Early Matter Domination

: early matter domination by a scalar or fermion Teo > 1o > Tig

Background evolution | [0GeV 100 MeV | MeV

i \
. Matter~dominated Scalar
1077r Radiation
DM
-8 | .
- 107 Rad.-dominated
< I
< 10-121 decay
N a/aq; ~ 300.
(R
1016 thermal
freeze-out \\
10—20 . . a’/a.z 220.\\
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scale factor (a/a;)
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Background Evolution

pp +3Hpy = —Lgpy

pr+4Hp, = (1 — fr)Tppe - <(§\a;> {/)727@ — (ﬂfﬁﬂ

(0a0)

7 [piq, - (pi?ﬂ ,

We consider that the radiation is generated by the decay of the
scalar and quickly thermalized. The DMs are produced from the
annihilation of radiations like WIMP.

pm + 3Hpm = fmDgpe

Fu=0

(0qv)  Thermal averaged annihilation cross section of DM
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Perturbation equations ds® = —(1 + 2®)dt? + a*(1 — 20)6;;dx’da?

: 0., : 1
5a+(1+wa)3_3(1+wa> :p_((SQa Qa6 —|_Qoz )7
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Creation of Isocurvature Perturbation

After chemical decoupling before reheating still scalar-dominated:

Dark matter and radiation are still kinetically coupled: ¢, = 0,.

0
5, N ——,
a
: 40. T
57.%__ . I ¢p¢ (5¢_5r)7
3a  p,

Radiation is still produced from decay of the dominating scalar,
however dark matter is not produced any more.

The difference in the number density creates the isocurvature
perturbation between dark matter and radiation.

3 lreh F¢p¢5¢ 5 k 2
S(ten) & —— dt ~—]. .
( reh) 4/tl D, 4 i kreh

Thursday, December 17, 15



Evolution of Perturbation

reheating
201 ' ' ' T ] 60 - , , | ,
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Scale Dependence of Density Perturbation

4 darmpi enhancement
10™F ke idak during MD "
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Discussion

1. Isocurvature perturbation of WIMP can be generated during

the early matter domination and it is not damped during the
Kinetic decoupling.

2. The large isocurvature perturbation of WIMP at small scales form
minihalos. The WIMP DM annihilation the minihalos can produce visible
signals such as the gamma-ray, cosmic rays or neutrinos.

3. The non-trivial shape of the power spectrum of WIMP implies
another way to see the early Universe before BBN.

23
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